Understanding the flux-line dynamics in layered superconductors is of utmost importance for many superconductor applications, yet extracting from measurements the relevant parameters remains a major challenge. Here we report on measurements and theoretical model calculations of voltage-current (V -I ) characteristics of a superconducting Ba 0.72 K 0.28 Fe 2 As 2 single crystal slightly below its transition temperature in perpendicular magnetic fields between 0.01 and 7 T. We propose a model that describes the flux-line dynamics above, as well as below, the depinning current. The model fits the experimental V -I characteristics remarkably well and is used to extract from the data the field dependence of (a) the depinning current, (b) the pinning potential barrier height, (c) the dissipative resistance, and (d) the product between flux-line bundle volume and bundle hopping distance. The model also leads to an estimate of the average distance between pins.
I. INTRODUCTION
When a type-II superconductor is exposed to a magnetic field larger than its lower critical field and a sufficiently large electric current is applied, depinning of the Abrikosov fluxline lattice occurs. By measuring the dc voltage-current (V -I ) characteristics of a superconductor and by applying a detailed theoretical model, one can elucidate the dynamics of flux-line depinning, which is of great importance for many small-and large-scale superconductor applications. While magnetization loop and flux-creep measurements explore the realm of small electric fields, where the flux-line motion is very slow, V -I characteristics in general probe flux dynamics in the realm of large electric fields generated by the fast motion of flux lines.
Flux-line lattice dynamics in cuprate superconductors have been studied extensively both experimentally and theoretically. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Very recently different groups have started to investigate the flux-line lattice dynamics in the newly discovered iron pnictide superconductors. [21] [22] [23] [24] [25] [26] [27] Among the pnictides, the hole-doped Ba(K)Fe 2 As 2 superconductor is one of several known iron pnictide superconductors, which we have investigated previously by magnetization loop and resistive transition measurements. 27 Ba(K)Fe 2 As 2 has been found to be a two-band superconductor, 28, 29 and the material consists of an alternating structure of FeAs and Ba(K) layers with a spacing of ∼0.65 nm. 30 As the Ba layers are doped with K atoms, they donate carriers to the covalently bonded FeAs layers and suppress the global antiferromagnetism, causing superconductivity to appear. The Ba(K)Fe 2 As 2 layered structure is reminiscent of the structure of cuprates and suggests that the superconducting behavior of iron pnictides may have similarities with the some of the cuprates. Importantly, Ba(K)Fe 2 As 2 single crystals show relatively low magnetic anisotropy, which is advantageous for applications. 27 Although much has been learned about the flux-line dynamics in layered superconductors, extracting in a simple way from measurements the relevant parameters remains a major challenge.
In this paper we present measurements and theoretical model calculations of V -I characteristics of a Ba 0.72 K 0.28 Fe 2 As 2 single crystal slightly below the transition temperature in magnetic fields between 0.01 and 7 T, applied along the crystallographic c direction. Crystals from the same batch had been characterized previously 27 by magneto-optical imaging and high-resolution transmission electron microscopy (TEM) and TEM diffraction patterns and were found to be of high quality, i.e., without indications of microcracks, weak links, or crystal defects. Although our experimental investigations limit themselves to a single temperature close to the critical temperature, a wide field range is covered. Giving the steepness of the irreversibility line in this material, 31 one can expect that relevant pinning regimes will be covered. The theoretical model for the V -I characteristics, which we use describes the flux-line dynamics at arbitrary drive currents, i.e., below and above the depinning current. In the model the Johnson white-noise current in the two-band material induces thermally activated flux-line bundle hopping at drive currents below the depinning current, while for drive currents above the depinning current, resistively damped flux motion occurs. At small drive currents, our model is equivalent to the thermally assisted flux flow (TAFF) model. But, our model goes beyond the TAFF approach, as it also describes the motion of flux lines at currents close to and larger than the depinning current. We show that the model fits the measured V -I characteristics remarkably well over the full current range, at all magnetic fields investigated. The model allows us to extract from the experimental data the magnetic field dependence of (a) the depinning current, (b) the barrier height of the pinning potential, (c) the dissipative resistance, and (d) the product between bundle volume and hopping distance. The model also enables us to estimate the average distance between pins.
In Sec. II we give details about the experiment procedure, and in Sec. III we outline the theoretical model. In Sec. IV we compare our measured V -I characteristics with our model calculations and extract from the data the depinning current, the pinning potential barrier height, the dissipative resistance, the product between flux-line bundle volume and hopping distance, and estimate the distance between pins. The conclusion is given in Sec. V.
II. EXPERIMENTAL DETAILS
The Ba 0.72 K 0.28 Fe 2 As 2 single crystal was grown using a flux method where high-purity elemental Ba, K, Fe, As, and Sn were mixed in a molar ratio of (Ba 1−x K x Fe 2 As 2 ):Sn = 1:45-50 for the self-flux. Details of the crystal growth are given in Ref. 32 . We have shown previously by magneto-optical imaging 27 that such crystals are of high magnetic uniformity. The Ba 0.72 K 0.28 Fe 2 As 2 crystal that we have investigated here was taken from the same batch as the crystals studied in Ref. 27 . Our Ba 0.72 K 0.28 Fe 2 As 2 single crystal had the approximate dimensions 1.5 × 1.0 × 0.02 mm 3 and was glued onto a MgO substrate using polyimide. The single crystal was cleaved to obtain a fresh surface and current, and voltage contacts were made in a four-point probe configuration, applying conductive silver paint such that the drive current could flow along the crystallographic ab direction. We have measured the dc V -I characteristics of the Ba 0.72 K 0.28 Fe 2 As 2 single crystal in magnetic fields from B = 0.01 T up to 7 T, applied along the crystallographic c direction of the crystal, i.e., perpendicular to its layered structure (i.e., perpendicular to the flat side of the crystal). The apparatus used for the measurements was a commercial Quantum Design Physical Property Measurement System (PPMS). The temperature chosen was T = 31 K, which is about 2
• below the zero-field superconducting transition temperature T c ≈ 33 K (onset) of the crystal. Lower temperatures were not investigated because the large critical currents would have caused unacceptable self-heating of the crystal. In order to avoid self-heating, the current I was applied only over a short time intervals of t p = 20 ms while the dc voltage V was measured.
III. THEORETICAL MODEL
When a magnetic field greater than the lower critical field is applied to a type-II superconductor, flux lines in the form of Abrikosov vortices form inside the superconductor, where each vortex carries one flux quantum 0 . A drive current applied to the superconductor exerts a Lorentz force on the flux lines, pulling the lines sideways, perpendicular to both the direction of the lines and the direction of the current. If the current is sufficiently large, the Lorentz force will be able to depin the flux lines that are otherwise pinned by defects, i.e., regions of reduced order parameter. When flux lines start to move, a voltage will appear along the sample. As originally proposed by Anderson, 1 the flux-line lattice will not move collectively as a whole but instead correlated regions of flux lines, so called flux-line bundles, will slip past each other, more or less independently in an irregular fashion, over energy barriers of average height U 0 between local energy minima. 5 The flux-line bundle volume V b can be defined by its three correlation lengths, l x , l y ,and l z , along the different spatial directions, where z is the direction of the applied magnetic field B, and V b = l x l y l z as shown in Fig. 1 . Here the z direction is the crystallographic c direction, and the xy plane corresponds to the crystallographic ab plane of the crystal. The dependence of the correlation lengths on B depends on the elasticity of the flux-line lattice and the distribution and size of the pins. The correlation length in z direction, l z , cannot be larger than the thickness h of the crystal, and the smallest possible xy surface area of a bundle is l x l y = 0 /B, in which case the bundle contains only a single flux line.
We choose the coordinate system such that the applied drive current flows along the negative x direction (Fig. 1) . The current density, J , that passes through the bundle ( Fig. 1) , exerts a Lorentz force on the bundle, pulling the bundle sideways (in the y direction) against the pinning force generated by the pins. When a bundle with coordinate y 0 moves in the y direction, the work W that is supplied externally by the electrical power supply to the bundle is
Here U (y 0 ) is the pinning potential of the bundle. Because the actual shape of the pinning potential manifold is not known, we assume for simplicity that U (y 0 ) is of sinusoidal shape. Denoting by a h the flux-line bundle hopping distance ( Fig. 1) , one can write
where U 0 is the barrier height of the pinning potential. In Eq.
(1), we have neglected the kinetic energy term from the motion of the bundle, by assuming strong dissipative damping of the bundle from the normal electrical resistance inside the bundle volume. The work W (y 0 ) given by Eq. (1) has the shape of a "washboard" potential, where the current density J tilts W (y 0 ). The value of J at which W (y 0 ) ceases to have minima and maxima defines the "true" critical current density J c , which is commonly called the depinning current density. One finds
Equation (3) relates the barrier height U 0 of the pinning potential to the depinning current density J c , the flux-line bundle volume V b , and the bundle hopping distance a h .
From Eqs. (1) and (2), it follows that the power P in , which is delivered by an external current source to the volume V b , is given by
The motion of a flux-line bundle in the y direction generates an electric field E x = B∂y 0 /∂t in the x direction inside the bundle, which gives rise to a resistive power dissipation inside the bundle. The voltage V 12 (t) generated across the bundle along the x direction ( Fig. 1 ) is given by
Thus, the power, P diss , which is dissipated inside the bundle volume V b is
where R b is the electrical resistance from normal electron scattering inside the bundle volume. By equating Eq. (4) with Eq. (6), i.e., P in = P diss , one obtains a nonlinear differential equation for y 0 (t) of the form
Here I b is the drive current that flows along the x direction through the bundle volume V b , i.e., I b = J l y l z , and I bc is the bundle depinning current, I bc = J c l y l z . Most importantly, on the right side of Eq. (7) we have added to the dc drive current I b the termĨ b (t), which is the Johnson whitenoise current, 33 originating from thermal fluctuations in the electrical resistance R b inside the volume V b . The Johnson white-noise currentĨ b (t) is defined via its autocorrelation function
where k B is the Boltzmann constant, δ(τ ) the delta function, T the temperature, and · · · t means time averaging. It is important to notice that the Johnson white-noise currentĨ b (t) gives rise to the thermally activated hopping of flux-line bundles, which leads to the appearance of a finite voltage along the superconductor even at current densities J smaller than the depinning current density J c . Equation (7) above has the same mathematical form as the equation that describes a resistively shunted Josephson junction (RSJJ) with current noise. 33, 34 In the RSJJ equation the noise current is the Johnson white noise of the junction resistance and the sine term is due to the interference of the order parameter of two superconductors in proximity. In contrast, in Eq. (7), the sine term arises from the simple sinusoidal pinning potential that was assumed. A model nearly identical to Eq. (7) had been proposed previously by Coffey et al., 35 where it was used to describe the rf surface impedance of type-II superconductors.
The dc voltage V between two contact points spaced a distance L apart along the x direction, is given by summing up all the voltages across all the bundles and time averaging them. Thus,
From Eqs. (5), (7), and (9), one finds that the V -I characteristics can be calculated as
where I is the total drive current applied through the crystal, i.e.,
where w is the width, h the thickness of the crystal, and I c (B,T ) is the total depinning current, i.e., I c (B,T ) = J c (B,T )wh, and
We estimate the dissipative resistance R(B,T ) in Eq. (10) by taking the two band structures of Ba(K)Fe 2 As 2 into account, which has been shown to have a small and a large superconducting gap. 28, 29 Assuming that at a measuring temperature slightly below T c , the smaller gap is still closed, one obtains, according to the model by Goryo et al. 36 
R(B,T
for B B c2 (T ),
and
Here R 
. Equation (10) shows that in order to calculate the dc V -I characteristics, one has to first solve Eq. (7) by taking the noise currentĨ b (t) into account, and then one has to calculate the time-averaged quantity sin(2πy 0 (t)/a h ) t .
We have solved Eq. (10) by using two methods that were previously developed to solve the RSJJ equation. The first method is described by Likharev 37 and the second by Voss. 33 In the method discussed by Likharev, 37 one solves the corresponding Fourier-transformed Smoluchowski equation, 34 which gives
where σ 1 is determined iteratively from
Here
i is the imaginary unit, σ 0 = 1, and the integer index k > 0 can be cut off at k 1 as σ k tends to zero monotonically as k → ∞.
A subtle point to notice is that in our case the parameter γ defined by Eq. (15) 
where ϕ(t) ≡ 2πy 0 (t)/a h andR ≡ R b 0 /(l x Ba h ). It is of importance to note here thatR is not equal to R b and that R b , and notR, determines the noise currentĨ b (t), as seen from Eq. (8). This is in contrast to the RSJJ model, whereR = R b , R b then being the ohmic resistance of the Josephson junction.
As an alternative second method to solve Eq. (7), we have also used the numerical method described by Voss. 33 In this method the noise currentĨ b (t) is treated as a Gaussian random variable of mean-square deviation 2k B T /(R b t), where t is the integration time step, and then the time-averaged quantity sin(2πy 0 (t)/a h ) t is computed. With both methods, Likharev 37 and Voss, 33 we obtain the same results. While the method by Voss is computationally more demanding, it has the advantage that one can study the random hopping of bundles on a very short timescale and can investigate voltage fluctuations before one time averages the voltage.
It should be noted that without the Johnson white-noise currentĨ b in Eq. (7), the V -I characteristics would have the simple form
for I I c , and V = 0 otherwise. For I <I c and for large γ, an analytical solution can be found for Eqs. (7) and (10), 32 which is of the form
where x = I/I c . For I I c , one finds from Eq. (18)
which is the TAFF model. 8 Furthermore if πU 0 x/(2kT ) 1, then
Equation (20) is commonly used to estimate U 0 (B) from measurements of the resistance r versus temperature around the transition temperature. By plotting the experimental ln r versus 1/T , and neglecting the weak temperature dependence of the prefactor in Eq. (20) , U 0 can be extracted. One has to be aware that this method assumes that U 0 can be written as a product between a field and a temperature-dependent function, where the temperature part must have the special form (1 − T /T c ). In contrast, when extracting U 0 from experimental V -I characteristics with our model, i.e., by using Eqs. (7) and (10), no assumption has to be made about the temperature dependence of U 0 . Also, it is generally difficult to extract with the TAFF model Eq. [(19)] the depinning current I c as the TAFF model is valid only for I I c . Also, in low fields the voltage often becomes unmeasurably small when I I c . In contrast, our model allows one to extract U 0 and I c in an accurate and straightforward way. The field dependence of U 0 and I c can then be used to determine the field dependence of the product, V b a h , between flux bundle volume V b and hopping distance a h .
In the limit I b → 0, our model [Eq. (7)] resembles the model that was introduced by Tinkham 5 to describe the field dependence of the resistive transition of cuprate superconductors measured at a small drive current. Figures 2 and 3 show the measured dc voltage V versus the applied dc current I (V -I characteristics) for 11 different magnetic fields B between 0.01 and 7 T, applied perpendicular to the sample along the crystallographic c direction. The temperature was kept constant at T = 31 K, which is about 2
IV. RESULTS AND DISCUSSION
• below the zero-field transition temperature of the crystal. Figure 3 shows the same experimental data and calculated curves as Fig. 2 but now in the form of log V versus I . As can be seen from Fig. 2 , the V -I characteristics do not show Bardeen-Stephens flux-flow behavior where one would expect curves of convex shape with slopes that increase with increasing applied magnetic fields. Instead, the V -I characteristics in Fig. 2 show a gradually transition in shape from convex to concave, and for large currents the voltage seems to approach asymptotically an ohmic behavior, i.e., V ∼ I . At B = 7 T, close to ohmic behavior is observed over the entire current range. The shapes of the V -I characteristics resemble V -I characteristics commonly seen in RSJJ and in single crystals of high-temperature cuprate superconductors, where in the case of the cuprates, the low current range is often interpreted as TAFF behavior. 8 In order to avoid self-heating of our sample, we used a pulse method where, for each data point, the current I was applied only for a short duration of t p = 20 ms, while the dc voltage V was measured, and the maximum current applied was limited to 160 mA. The time between pulses was chosen as t w = 10 s to allow full temperature equilibration. In order to investigate self-heating of our sample, we performed V-I measurements at longer pulse durations t p . For the longer times t p = 40 ms and t p = 60 ms, we found the same V -I characteristics, while deviations due to self-heating became evident at t p = 80 ms.
The equations derived in Sec. III show that in order to calculate the V-I characteristics, one needs to know (a) the depinning current density J c (B), (b) the barrier height U 0 (B) of the pinning potential, and (c) the dissipative resistance R(B). As the type of pins and the pin distribution in our crystal are unknown, one cannot estimate J c and U 0 simply by model calculations. Also, according to Eq. (12) , to estimate the resistance R, both the values for R (S) n and R (L) n have to be known. Therefore, J c , U 0 , and R are best being treated as parameters that can be extracted by fitting our model to our measured V-I characteristics.
The full curves in Figs. 2 and 3 show our calculated V-I characteristics for different magnetic fields B pointing along As can be seen in Fig. 4 , the extracted depinning current density J c (and depinning current I c ) decreases with increasing applied magnetic field B. Also shown in Fig. 4 is the critical current density obtained by using the voltage criterion V c = 10 μV (dashed horizontal line in Fig. 3 ). Figure 4 reveals that at large fields, a critical current density defined via a common voltage criterion can be very much smaller than the depinning current density J c ("true" critical current density). The reason is that due to the Johnson white noise, the motion of flux-line bundles becomes thermally activated leading to the appearance of a finite voltage even for J < J c .
By measuring the critical current density of Ba(K)Fe 2 As 2 single crystals by means of magnetization loops, one finds a fishtail behavior [38] [39] [40] whose origin is not yet fully understood but might be caused by different creep rates in different pinning regimes. In contrast, no fishtail behavior is seen in the depinning current of our Fig. 4 . We believe that this is not necessarily contradictory, because a magnetically determined critical current density is strongly affected by the flux-creep rate, which depends on the magnetic field and the pinning regime, while the depinning current density itself is independent of any flux-creep rate. We can now use the barrier height U 0 in Fig. 5 and the depinning current J c in Fig. 4 to determine the product, V b a h , between the flux-line bundle volume V b and the hopping distance a h , since
The extracted dependence of V b a h on B is displayed in Fig. 7 as log V b a h versus log B. Figure 7 shows a slope of − 1 at small fields and a slope of about − 5/2 at high fields. One can also assign a slope of − 3/2 to the intermediate field range as shown in Fig. 7 .
The different slopes seen in Fig. 7 can be interpreted as follows:
Bitter decoration experiments at small fields have revealed that the flux-line lattices in iron pnictide single crystals are strongly disordered. 41 Kes 8 has argued that in the case of a disordered flux-line lattice, the transverse correlation lengths l x and l y are best to be chosen as l x = l y = a f , where a f = ( 0 /B) 1/2 , which is the average spacing between flux lines. Thus, we assume that in small fields the flux-line bundle volume has the form
which contains just one flux line. If the average distance D between pins is less than a f , one can estimate for the hopping distance a h that a h = D. If one further assumes that in small fields l z = h, where h is the thickness of the crystal, one obtains
which explains the observed slope − 1 behavior for low fields in Fig. 7 .
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As the field increases, at a certain field the flux-line lattice spacing a f will become larger than the average spacing D between pins and then the hopping distance a h can best be equated with the flux-line lattice spacing a f . 8 Also, for any pin distribution, as long as B > 0.2B c2 , the periodicity of the pinning potential will be that of the sinusoidal variation of the superconducting order parameter, and one can set a h = a f . In this case one obtains
which explains the − 3/2 slope observed for intermediate fields in Fig. 7 . In order to obtain the correct magnitude for V b a h , using h = 20 μm for the thickness of the crystal in Eq. (24), we find that not one but about four flux lines make up a bundle. Therefore, an additional factor of 4 should be includes on the right sides of Eqs. (23) and (24), and the above assumption of l x = l y = a f has to be replaced by l x = l y = 2a f . Defining B 0 as the field where the slope of − 1 goes into slope − 3/2 in Fig. 7 , one finds B 0 ≈ 0.4 T, and from D = ( 0 /B 0 ) 1/2 one finds D ≈ 70 nm for the average distance between pins. We speculate that these pins might be due to order parameter fluctuations caused by a nonuniform K dopant distribution in the crystal. 42 Interestingly, Demiridis et al. 43 found a similar distance of ≈60 nm between strong pins in Ba(Fe 1−x Co x ) 2 As 2 single crystals, which was ascribed to order parameter fluctuations caused by nonuniform Co dopant distributions in their crystals.
For large fields, using the concept of collective pinning, 8, 44 one can estimate l z as 
where for the case of flux-line pinning at randomly distributed defectsW
Replacing in Eq. (24) h by l z and using Eqs. (25) and (26) 
We also measured the I-V characteristics of a second Ba 0.72 K 0.28 Fe 2 As 2 single crystal from the same batch and obtained similar results as for the first crystal. In addition to our Ba 0.72 K 0.28 Fe 2 As 2 single crystal, we recently have also studied V -I characteristics of electron-doped Ba(Ni 0.1 Fe 0.9 ) 2 As 2 single crystals and found that the V -I characteristics at high voltages were similar in shape to those shown in Figs. 2 and 3. 
V. CONCLUSION
We have investigated experimentally and by model calculations the V -I characteristics of a Ba 0.72 K 0.28 Fe 2 As 2 superconducting single crystal slightly below the transition temperature, in different magnetic fields applied along the crystallographic c direction. Because of self-heating, V -I characteristics at lower temperatures were not investigated. Our theoretical model describes the motion and hopping of fluxline bundles under the influence of an electrical drive current where the bundle motion is strongly damped by the dissipative resistance of the material. The cause for the thermally assisted flux-line bundle hopping is the Johnson white-noise current in the two-band resistances R 
